Introduction {#S0001}
============

Worldwide Cancer has become the foremost cause of mortality worldwide, with approximately 8.2 million reported deaths and 14 million new cases;[@CIT0001] therefore, the precise treatment of this disease is necessary.[@CIT0002] Breast cancer is a common malignant tumor among females, with approximately 1,700,000 cases and 521,900 deaths in 2012 worldwide.[@CIT0003] Breast cancer is an extremely complex disease that shows a large degree of intra- and intertumoral heterogeneity.[@CIT0004]--[@CIT0007] The breast cancer incidence is progressively increasing, particularly in the urban regions of China. Official data predicted a continuing increase in mortality rates for the next 5 years.[@CIT0008] To our knowledge, tumor metastasis remains the dominant cause of cancer-associated mortality.[@CIT0009] Therefore, identifying or developing drugs with antimetastatic ability for breast cancer therapy is necessary.[@CIT0010],[@CIT0011] Elemenes are a group of different natural compounds, including α-, β-, γ-, and δ-elemene, that derived from a number of different medicinal plants and herbs, such as Rhizomazedoariae, which is a dry rhizome derived from Curcuma wenuyujin, Curcuma phaeocaulis, and Curcuma kwangsiensis.[@CIT0002],[@CIT0012] Among these elemenes, β-elemene (ELE) possesses potent anticancer activities that had attracted the interest of scientists.[@CIT0013]--[@CIT0015] Following several low-quality and small-scale clinical trials, ELE has been approved for cancer treatment by the Drug and Food Administration of China. ELE have been used to treat different cancers, such are leukemia, liver cancer, breast cancer, and brain carcinoma. ELE acts as an anticancer agent through different molecular mechanisms. For example, ELE induces cell cycle arrest and apoptosis[@CIT0016]--[@CIT0018] and reverses multidrug resistance[@CIT0019]--[@CIT0021] in various types of cancers, including breast cancer.

5-Fluorouracil (5-FU) is used as a single palliative treatment in combination with other antineoplastic agents for breast cancer treatment. 5-Fluorouracil (5-FU) has been investigated due to its short half-life (6--20 min) and activity duration upon exposure. In early trials, traditional bolus delivery was used in the standard cyclophosphamide, methotrexate, and 5-FU regimens.[@CIT0022]--[@CIT0024] 5-FU is an antimetabolite chemotherapeutic drug that acts primarily through thymidine synthetase inhibition, thereby resulting in nonfunctional DNA synthesis and causing deoxythymidine monophosphate shortage.[@CIT0025]

The two main barriers to 5-FU treatment include its toxicity to normal cells and cancer cell resistance. Therefore, the combined use of 5-FU, along with other natural compounds, can sensitize 5-FU to cancer cells and reduce its toxicity to normal body cells.[@CIT0026]

The phosphatidylinositol 3 kinase/protein kinase B/mammalian target of rapamycin (PI3K/AKT/mTOR) pathway plays an important role in cell growth and survival through different molecular pathways.[@CIT0027],[@CIT0028] Any disturbance in the PI3K/PTEN/AKT/mTOR and Ras-Raf-MEK-ERK pathways causes genetic alterations, thereby increasing cell proliferation and decreasing apoptosis.[@CIT0028] The PI3K/PTEN/AKT/mTOR and Ras-Raf-MEK-ERK pathway inhibition is useful in cancer treatment.[@CIT0028]

Nuclear factor kappa B (NF-κB) is involved in different activities in the body, including activation and development of innate immune cells, negative and positive selection of thymocyte, cytokine production, Ig class switching, and hematopoiesis.[@CIT0029],[@CIT0030] NF-κB regulate cellular network of aging, cancer, and anticancer therapies.[@CIT0031]

In the present study, we investigated the combined effects of ELE and 5-FU against TNBC in vitro and in vivo. We hypothesized that ELE may sensitize TNBC cells' response to 5-FU. To understand its underlying molecular mechanisms, we explored ELE in combination with 5-FU on TNBC proliferation, invasion, migration and apoptosis in BT549 and MDA-MB-231 cells. We also checked the combined effects of ELE and 5-FU on different key proteins, which play pivotal roles in cancer progression through different mechanisms.

Our study suggested that ELE enhances the effect of 5-FU in TNBC cells and mouse xenograft model through the regulation of different signaling pathways and revealed that combined therapy may be effective in TNBC treatment.

Materials and Methods {#S0002}
=====================

Cell Line and Cell Culture {#S0002-S2001}
--------------------------

MDA-MB-231 and BT549 TNBC cell lines were purchased from the American Type Culture Collection (ATCC Manassas, VA, USA). A monolayer of MDA-MB-231 cells was cultured in 1640 medium supplemented with 10% fetal bovine serum (FBS), penicillin, and 100 streptomycin µg/mL). Similarly, a monolayer of BT459 cells was grown in Dulbecco's Modified Eagle Medium (DMEM) supplemented with streptomycin, 10 µg/mL penicillin, and 10% FBS. Both cell types were cultured under standard culture conditions in an incubator with 5% CO2 at 37 °C.

Reagents and Antibodies {#S0002-S2002}
-----------------------

5-FU was obtained from Sigma Aldrich (St. Louis, MO, USA), and ELE (99.2% purity) was acquired from the Chinese National Institute for Drugs and Food Control (Liaoning, China). The primary antibodies of vimentin, N-cadherin, E-cadherin, mitochondrial membrane potential (MMP)-9, cyclooxygenase 2 (COX-2), p-110α, p-110β, AKT, p- AKT (Ser473), p-PDK (Ser421), p-cRaf (Ser 259), ERK, p-ERK, p38, p-P38, IkB-α, p-IkB-α, p-IKKα/β, IKKα, p-50, p65, and p-P65 were acquired from Cell Signaling Technology, Inc. (USA). Cleaved (cl) PARP, cl-caspase-3, Bcl-2, Bax, CD133, Nanog, CD44, OCT4, β-actin, and GAPDH were purchased from Protein tech (Wuhan, China). Other chemicals were ordered from Sigma unless specified otherwise.

Cell Viability Assay {#S0002-S2003}
--------------------

We used MTT assay to determine the cell's viability. We cultured 3000 cells/well in 96 well plates for 24 h. After 24 h, fresh medium was added to each well with different dimethyl sulfoxide (DMSO) concentrations, with the final concentration of 0.1%, and dissolved ELE or 5-FU alone or in combination. The control group was treated with 0.1% DMSO. Following 48 h of treatment, MTT that was diluted in medium was added to the cells. After 4 h MTT incubation, we added 150 µL of DMSO in each well and the absorbance values were detected at a wavelength of 490 nm. The data of three independent experiments were presented as mean±SD. The significance level was presented as \*P\<0.05, \*\*P\<.01, \*\*\*P\<.001. The drug concentration that inhibits 50% of cell growth (IC50) was calculated from the dose-dependent curve, through CurveExpert1.3 software.

Colony Formation Assay {#S0002-S2004}
----------------------

The TNBC cells (2×103 cells/well) were incubated in a 6-well plate for 24 h. Following incubation, we added fresh medium containing ELE (50 µM), 5-FU (10 µM), or their combination. After 48 h of treatment, the cells were washed, trypsinized, and seeded into new 6-well plates (500 cells/well) and incubated for 14 days. After incubation, the colonies were washed with PBS 3 times and fixed with fixation solution (water, glacial acetic:methanol, 1:8:1) for 10 min and stained for 30 min in 0.1% crystal violet solution. The clones with \>80 cells were calculated.

Scratch Healing/Wound Healing Assay {#S0002-S2005}
-----------------------------------

Cell migration ability was detected by scratch healing assay/wound healing assay. The cells were cultured in 6-well plates to 80% to 90% confluence. The monolayer cells were scratched with a 100 µL pipette sterile tip and washed through starvation medium to remove the detached cells. The cells were incubated with certain DMSO, ELE, and 5-FU concentrations and incubated at 73 °C in CO2 (5%) in an incubator for 48 h. Following 48 h of treatment washed with PBS three times, wound gaps were studied under a microscope (Leica DM 14000B), and photos were taken. Each scratch width was measured using the Image-Pro Plus 5.1 software.

Cell Invasion Assay {#S0002-S2006}
-------------------

The Matrigel-coated Transwell chambers with a pore size of 80 µm were used to perform the cell invasion assay. The TNBC cells were cultured overnight in 1649 medium without FBS. After overnight incubation, the cells were collected and resuspended. The upper side membrane of the Transwell chamber was coated through 30 mg/l Matrigel in 50 µL of ice-cold, serum free medium and dried at room temperature (RT). A total of 250 µL of cell suspension with a density of 1×105 cells/well and 500 µL of FBS (20%) containing 1640 medium were added in the upper and lower chambers, respectively. The cells were treated for the next 48 h with certain concentration of 50 µM ELE or 10 µM 5-FU or in combination, and control cells were incubated with DMSO (0.1%). Following the treatment, transwell chamber were taken out. From the upper chamber, the medium was washed three times with FBS. The invasive cells were stained with crystal violet (0.1%). Invasiveness is the total number of cells in the different microscopic fields.

Acridine Orange (AO)/Ethidium Bromide (EB) Fluorescence Staining {#S0002-S2007}
----------------------------------------------------------------

The cells were cultured for 24 h in 6-well plates and incubated in the presence of 50 µM ELE or 10 µM 5-FU or their combination for 48 h. Following treatment, the control and treated cells were collected and washed with PBS. After washing, the cells were fixed in ethanol (95%) for 15 min and dried. In each well, 10 µL of AO/EB dye (AO 10 µg/mL and EB 10 µg/mL in PBS) were added, and the live and dead cells were studied under a fluorescence microscope (IX81, Olympus).

Confocal Immunofluorescence (IF) {#S0002-S2008}
--------------------------------

For the performance of confocal microscopy, the cells were grown on chamber slides and treated with 50 µM ELE, 10 µM 5-FU, or their combination and incubated for the next 48 h. Following incubation and washing, the cells were fixed in the paraformaldehyde (4%) at RT for 20 min. Afterward, the samples were incubated using 0.2% (w/v) Triton X-100 in PBS for 10 min to permeabilize. Afterward, the cells were blocked for 30 min through 10% BSA in PBS and incubated overnight at 4 °C with primary antibodies (cytochrome-c \[cyt-c\], p50, and p-65). Following 10 min of washing through PBS for three times, the cells were again incubated in florescence-labeled secondary antibodies at RT for 1 h. The corresponding localizations of p50, p65, and cyto-c were analyzed using a Leica confocal microscope, and the images were taken and processed through Image-Pro Plus 5.1 software (Frederick, MD, USA).

Sphere Formation {#S0002-S2009}
----------------

A total of 2000 cells were cultured in 35 mm ultralow attachment plates (Corning, Corning, NY) and supplemented in DMEM/F-12 containing B27 (2%), EGF (20 ng/mL), and bFGF (10 ng/mL) for 15--20 days. The growth factor-containing medium was changed after every 3 days. Then, the sphere formation of cells (\>25) with the diameters of \>50 μm was counted.

Protein Extraction and Western Blot Analysis {#S0002-S2010}
--------------------------------------------

We extracted the whole cell proteins from control and treated cells by using lysis buffer (150 mM NaCl, 0.2 mM Na3VO4, 1 mM EDTA, pH of 7.4, 1 mM EGTA, pH of 8.0, 1% Triton X-100, 0.5 Nonidet P-40, 0.2 phenylmethylsulfonyl fluoride), and the proteins were collected. Next, for cytoplasmic and nuclear proteins, the treated and control cells were lysed through 250 µL of cytoplasmic lysis buffer (300 mM sucrose, 0.5% NP-40, 1.5 mM MgCl2, 10 mM KCl, 10 mM HEPES, pH of 7.9) with different inhibitors (1 gm/mL leupeptin, 10mM NaF, 0.1 mM PMSF, β-glycerophosphate, 0.5 mM dithiothreitol, and 1 mM Na3VO4) on ice for 15 min. In brief, the samples were vortexed and centrifuged for 10 min at 3000 g at 4 °C. The supernatant was collected to determine the expression levels of the cytoplasmic proteins. Then, we used nuclei lysis buffer (420 mM NaCl, 1.5 mM MgCl2, 0.1 mM EDTA, 2.5% glycerol, 20 mM HEPES, pH of 7.9) with 70--80 µL of multiple protease inhibitors. Then, the samples were resuspended and incubated on ice for 30 min. Following incubation on ice, the samples were centrifuged at 1400 ×g for 30 min. The supernatant was collected for nuclear protein expression, and its concentration was determined through BCA assay.

In Western blot, each protein samples with equal amounts (30 µg) were separated through 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and electrotransferred on a nitrocellulose membrane. Following electrotransfer, the membranes were blocked in 10% of nonfat milk in Tris-buffered saline supplemented with 0.1% Tween 20 (TBST) at RT for 2 h and in the presence of primary antibodies incubated overnight at 4 °C. Following overnight incubation, we washed the membranes three times with cold TBST and incubated again in secondary anti-bodies at RT for 1 h. After incubation, the membranes were washed through TBST, and the protein expression were detected using high chemiluminescence. Each band densitometry was quantified using a Scion Image 4.03.

Animal Experiments {#S0002-S2011}
------------------

Female nude mice (3--4 weeks old) were purchased and housed in standard environmental conditions in the Animal Centre of Dalian Medical University (DMU). The DMU Laboratory animal use and care protocol was followed during all operations. MDA-MB-231 cells (5×106 cells in 100 µL of PBS) were subcutaneously injected to the left flank of each mouse. As the tumor size became 150 mm3 after cell inoculation, the mice were divided to four groups (n=6). The control group received the intratumor injection of PBS, the second one was treated with ELE (20 mg/kg), the third one with 5-FU (10 mg/kg), and the fourth one was treated with the combination of ELE and 5-FU every day for 13 days. The tumor sizes were measured using a vernier caliper once in every 2 days, and the tumor volume was calculated using the following formula: V=(width2×length)/2. After 21 days of tumor cell inoculation, the experiment was terminated, the mice were sacrificed, tumors were excised, and the weights were measured.

Immunohistochemistry (IHC) Assay {#S0002-S2012}
--------------------------------

Several parts of the mouse tumors were fixed in formalin (10%) and embedded in paraffin wax for IHC with antibodies against p-ERK (1:100), p-AKT (1:100), p-P65 (1:50), vimentin (1:100), and OCT4 (1:100). One part of the tumors was used for Western blot analysis.

Densitometry Analysis {#S0002-S2013}
---------------------

The densities of Western blot protein bands were determined through Scion Image software (Frederick, MD). Data were expressed as an arbitrary unit.

Statistical Analysis {#S0002-S2014}
--------------------

All experiments were performed three times. The results of at least three measurements were obtained and expressed as mean±SD. For all statistical analysis we used GraphPad prism and SPSS-16. The values of control and test samples were determined through ANOVA and Tukey's test. P\<0.05 was significantly different.

Results {#S0003}
=======

ELE Sensitized with 5-FU to Inhibit Tumor Growth and Proliferation and Induce Morphological Changes in MDA-MB-231 and BT-549 Cells {#S0003-S2001}
----------------------------------------------------------------------------------------------------------------------------------

The chemical structures of ELE and 5-FU is shown in [Figure 1A](#F0001){ref-type="fig"}. To determine whether ELE increases 5-FU-mediated cell growth inhibition and enhances its chemotherapeutic effect in TNBC, we first examined the effects of ELE, 5-FU, or their combination on cell viability and colony formation in BT-549 and MDA-MB-231 cell lines. To determine the effect of ELE and 5-FU cell viability, we perform MTT assay for which we treat the cells with different concentrations of ELE and 5-FU. After evaluation of different concentration of ELE and 5-FU, we select the dose of ELE (50 µM) and 5-FU (10 µM) for further experiment due to its significant and time dependent effect in both cell lines. Furthermore, ELE significantly inhibited cell viability dose-dependently in BT549 (25--200 µM) and MDA-MB-231 (50--200 µM) cells, as shown in [Figure 1B](#F0001){ref-type="fig"}. The cells treated with 5-FU (5--40 µM) alone also suppressed BT549 and MDA-MB-231 cell viability dose-dependently, as shown in [Figure 1B](#F0001){ref-type="fig"}. However, the combined treatment of ELE (50 µM) and 5-FU (5--40 µM) significantly increased the 5-FU-mediated cell viability inhibition in both cell lines, as shown in [Figure 1B](#F0001){ref-type="fig"}.Figure 1The combined effects of ELE and 5-FU on MDA-MB-231 and BT549 cell proliferation, morphology, and colony formation.**Notes:** (**A**) ELE and 5-FU structures. (**B**) MDA-MB-231 and BT549 cell lines were treated with ELE alone, 5-FU alone, or their combination with indicated concentrations; MTT assay was used to test cell viability. (**C**) The IC50 values of 5-FU alone or the combination of 5-FU and ELE were calculated using the CVXPT32 software. (**D**) MDA-MB-231 and BT549 were treated with 5-FU alone, ELE alone, or their combination. An inverted microscope with 200 μm scale bars was used, and the representative photos of cell morphology were captured. (**E**) The colony formation assay of BT549 and MDA-MB-231 cells treated with 5-FU, ELE, or their combination was performed to test cell proliferation capacity. The number of colonies was calculated, and photographs were taken. The results from three different experiments were expressed as mean ± SD. \**P*\<0.05, \*\**P*\<0.01, and \*\*\**P*\<0.001 were considered significant.

Next, we examined the IC50 values of 5-FU for cell viability inhibition compared with those of the control cells. The cotreatment of ELE significantly increased MDA-MB-231 and BT549 cell sensitization to 5-FU treatment, which decreased the IC50 value of 5-FU compared with the 5-FU alone treatment of BT-549 and MDA-MB-231 cells. The BT549 cells were more sensitive to 5-FU compared with MDA-MB-231 cells ([Figure 1C](#F0001){ref-type="fig"}).

The combined treatment of ELE and 5-FU significantly increased the inhibition of colony formation in MDA-MB-231 and BT549 cells compared with individual treatments, as shown in [Figure 1D](#F0001){ref-type="fig"} and E.

ELE Combined with 5-FU Enhanced Migration Inhibition and TNBC Cell Invasion {#S0003-S2002}
---------------------------------------------------------------------------

We examined whether ELE can increase the 5-FU-mediated invasion and migration inhibition in MDA-MB-231 and BT549 cell lines. Thus, we performed a wound healing assay for BT549 and MDA-MB-231 cells. The result showed that the individual treatments of ELE or 5-FU inhibited cell migration, but cell migration was significantly inhibited after the combination treatment with ELE and 5-FU. The wound space or gap between the cell layers in the control group was approximately filled by migrated cells in both cell lines after 48 h. However, the cells treated with the combination of 5-FU and ELE were unable to migrate and fill the space in both cell lines, as depicted in [Figure 2A](#F0002){ref-type="fig"}. The quantitative analysis showed that the combined treatment of 5-FU and ELE significantly inhibited the migration in both cell lines, as depicted in [Figure 2C](#F0002){ref-type="fig"}.Figure 2ELE enhanced 5-FU inhibition activity on MDA-MB-231 and BT549 cell line invasion, migration, and related pathways.**Notes:** (**A**) Wound-healing assay was performed in both cell lines to test cellular migration after treatment with 5-FU, ELE, or their combination. (**B**) We tested the capacity of the two types of cell invasion following 48 h of treatment with 5-FU, ELE, or their combination via transwell assay. Crystal violet was used to stain the cancer cells, and an inverted microscope was used to capture the images. (**C**) We used a software to calculate the rate of cell migration and invasion (\**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001). (**D**) We performed Western blot to determine the expression levels of the main EMT concern proteins N-cadherin, E-cadherin, vimentin, and MMP9 of the two cell lines after treatment with ELE alone, 5-FU alone, or their combination. The data obtained from three independent experiments were presented as mean ± SD, and the significance levels were \**P*\<0.05, \*\**P*\<0.01, and \*\*\**P*\<0.001.

Next, we performed the transwell invasion assay for the evaluation of combined effects of 5-FU and ELE on the invasive capability of BT549 and MDA-MB-231 cell lines. The invasive cells were stained on the lower surface of the filter and counted. The individual treatments of 5-FU and ELE significantly decreased the penetrated cell number compared with that in the control group. Meanwhile, the combined effects of 5-FU and ELE further significantly inhibited the cells from penetrating the Matrigel of both cell lines, as shown in [Figure 2B](#F0002){ref-type="fig"}. These quantitative analyses revealed that the combined treatment of ELE and 5-FU significantly increased cell invasion inhibition compared with the individual treatments of ELE or 5-FU in both cell lines, as illustrated in [Figure 2C](#F0002){ref-type="fig"}. We also verified our results by checking the expression of the protein marker from cell migration and invasion. Vimentin and MMP-9, which are the key proteins for cell migration, were significantly inhibited by the combined treatment of ELE and 5-FU compared with the individual treatments of ELE or 5-FU alone in both cell lines, as shown in [Figure 2D](#F0002){ref-type="fig"}. E-Cadherin and N-cadherin are the key proteins associated with invasion. The combined treatment of 5-FU and ELE considerably promoted the E-cadherin expression while inhibiting the N-cadherin expression, as shown in [Figure 2D](#F0002){ref-type="fig"}. Therefore, ELE enhances the 5-FU-induced inhibition of invasion and migration in MDA-MB-231 and BT549 cells.

ELE Increased 5-FU Induced Apoptosis by Modulating Mitochondrial-Dependent and Caspase Signaling Pathways {#S0003-S2003}
---------------------------------------------------------------------------------------------------------

The apoptosis pathway is the potential therapeutic target for cancer treatment.[@CIT0032],[@CIT0033] To determine whether ELE can increase the growth inhibition effects of in MDA-MB-231 and MB-549 cell lines by activating certain apoptotic pathways, we used the AO/EB assay to test the status of tumor cell apoptosis. In this phenomenon, additional EB passed through the cell membrane of damaged cells and embedded in DNA in nucleus, thereby resulting in a bright orange-red color fluorescence in the nuclear region in cells treated with ELE and 5-FU compared with those treated with ELE or 5-FU alone and the control group, as shown in [Figure 3A](#F0003){ref-type="fig"}. These results indicated that apoptosis was induced in both cell lines when exposed to combined treatment of ELE and 5-FU but not due to their individual treatments.Figure 3ELE enhanced 5-FU-mediated apoptosis in MDA-MB-231 and BT549 cell lines.**Notes:** (**A**) Both cell lines were treated with indicated concentrations of ELE, 5-FU, their combinations and incubated for 48 h. Following incubation, the cells were stained with AO and EB, and images were captured. (**B**) We checked the cyt-c release from the mitochondrial intermembrane space after MDA-MB-231 cells were treated with ELE, 5-FU, or their combination for 48 h via the immunofluorescence assay. (**C**) The expression levels of major proteins, including those of Bcl-2, Bax, cl-caspase-3, and cl-PARP, were determined in both cell lines through Western blot after the treatment with ELE, 5-FU, or their combination. The data obtained from three independent experiments were presented as mean ± SD, and the significance levels were \**P*\<0.05 and \*\*\**P*\<0.001.

We also detected the expression levels of several key proteins involved in apoptosis (eg, Bcl-2, Bax, Cl-caspase-3,9, and Cl-Parp) induced by ELE and 5-FU in both cell lines, as shown in [Figure 3C](#F0003){ref-type="fig"}. The Bcl-2 expression significantly decreased in the combined ELE and 5-FU treatment compared with that in their individual treatments. By contrast, the expression levels of Bax, cl-caspase-3, and cl-parp significantly increased in the combined treatments of ELE and 5-FU compared with their individual treatments in both cell lines.

Cyt-c is an upstream regulator of the caspase-dependent pathway. Therefore, we performed IF assay to determine the cyt-c subcellular localization. We performed IF analysis to determine the cyt-c subcellular localization. Treatment with ELE or 5-FU alone triggered the cyt-c release from the inner mitochondrial space to the cytosol in BT549 and MDA-MB-231 cells, but the combined treatment of ELE and 5-FU significantly increased the cyt-c release from the inner mitochondrial space to cytosol, as shown in [Figure 3B](#F0003){ref-type="fig"}.

ELE Combined with 5-FU Inhibited Triple-Negative Breast Cancer Cell Sphere Formation {#S0003-S2004}
------------------------------------------------------------------------------------

Tumor cell regeneration, reproduction, malignancy, and clinical healing effects are involved in tumor formation. Therefore, to determine whether ELE can enhance the ability of 5-FU in inhibiting BT549 and MDA-MB-231 cell formation, we must pass the sphere formation experiment. The results of the sphere formation experiments are shown in [Figure 4A](#F0004){ref-type="fig"}. The results showed that ELE combined with 5-FU can significantly reduce sphere formation in both cell types compared with that of ELE or 5-FU alone. To determine the action mechanisms of ELE in combination with 5-FU, we verified the expression levels of several proteins that are closely related to tumor growth inhibition. As illustrated in [Figure 4B](#F0004){ref-type="fig"}, the protein expression levels of Nanog, CD44, and OCT4 were significantly decreased when ELE was used in combination with 5-FU. [Figure 4C](#F0004){ref-type="fig"} shows the diameters of MDA-MB-231 and BT549 cells after the treatments with ELE alone, 5-FU alone, and ELE combined with 5-FU. After combination therapy, the diameter of the cancer cell spheres was significantly reduced, which was completely consistent with the conclusions obtained in [Figure 4A](#F0004){ref-type="fig"}. According to the results above, the treatment with the combination of ELE and 5-FU can enhance the ability to decrease the sphere formation in TNBC cells.Figure 4Effects of ELE and 5-FU on TNBC MDA-MB-231 and BT549 cells.**Notes:** (**A**) Both cell types were grown in 3D treated with drugs for 14 days, and we used inverted microscope to take photos and quantitative for structural integrity of cancer cells. (**B**) The CD44, OCT-4, and Nanog protein expression levels were determined through Western blot in MDA-MB-231 and BT549 cells after ELE alone, 5-FU alone, or their combinations. The data obtained from three independent experiments were presented as mean ± SD, and the significance levels were \**P*\<0.05, \*\**P*\<0.01, and \*\*\**P*\<0.001. (**C**) Sphere were calculated of three independent experiment, and the data were presented as mean ± SD with the significance level of \*\*\**P*\<0.001.

ELE and 5-FU Combination Suppressed PI3K/AKT Signaling {#S0003-S2005}
------------------------------------------------------

The PI3K/AKT pathway is involved in death and proliferation of cancer cells.[@CIT0034],[@CIT0035] ELE targets different cancer types through different mechanisms, including the PI3K/AKT/mTOR pathway.[@CIT0002] Melatonin synergizes the anticancer activity of 5-FU through PI3K/AKT pathway modulation.[@CIT0036] In the present study, we analyzed the effects of ELE and 5-FU on the expression levels of several proteins that are associated with PI3K/AKT signaling in MDA-MB-231 and BT549 cell lines through Western blot analysis. In both cell lines, the combination of ELE and 5-FU considerably inhibited p-AKT, P-85, p110r, p-PDK1, and p110a phosphorylation compared with the individual treatments of ELE or 5-FU. The protein band quantitative analysis results also revealed that the combined treatment of ELE and 5-FU suppressed p-AKT, P-85, p110r, p-PDK1, and p110a protein phosphorylation significantly in BT549 and MDA-MB-231 cell lines, as shown in [Figure 5A,B,E, and F](#F0005){ref-type="fig"}. Next, we confirmed the involvement of PI3K/AKT signaling pathway in the ELE and 5-FU combine inhibition of BT549 and MDA-MB-231 cells. The cells were treated with the combination of ELE and 5-FU after 8 h of pretreatment with the PI3K-specific inhibitor LY294002. Following 48 h incubation, MTT assay was performed to analyze the cell proliferation, as shown in [Figure 5C and D](#F0005){ref-type="fig"}. PI3K-specific inhibitor LY294002 alone inhibited cell viability. However, the combination treatment of ELE and 5-FU significantly decreased cell viability. These results suggested that the combination of ELE and 5-FU inhibited the PI3K/AKT pathway, thereby effectively inhibiting cell proliferation.Figure 5ELE and 5-FU combined effects on MDA-MB-231 and BT549 cell lines.**Notes:** (**A** and **B**) Both cell lines were treated with ELE alone, 5-FU alone, or their combination. The AKT, p-AKT, p-P85, p110r, PPDK1, and P110a expression levels were checked following treatment via Western blot analysis. We used GAPDH as the loading control. (**C** and **D**) Both cell lines were pretreated with PI3K inhibitor (LY294002) and then cultured with combination of ELE and 5-FU at an indicated dose. After 48 h, cell viability was performed through MTT assay. The data obtained from three independent experiments were presented as mean ± SD, and the significance levels were \*\*\**P*\<0.001 and \*\**P*\<0.01 respectively. (**E** and **F**) All proteins were quantitatively analysed. The data obtained from three independent experiments were presented as mean ± SD, and the significance levels were \**P*\<0.05, \*\**P*\<0.01, and \*\*\**P*\<0.001.

ELE Combined with 5-FU Enhanced Cell Proliferation Inhibition and RAF-MEK-ERK Signaling Pathway Modulation {#S0003-S2006}
----------------------------------------------------------------------------------------------------------

We investigated the relationship between ELE and 5-FU in MDA-MB-231 and BT549 cells and on the RAF-MEK-ERK signaling pathway-related proteins via Western blot experiments. As shown in [Figure 6A,B,E, and F](#F0006){ref-type="fig"}, compared with the use of only 5-FU or ELE, the treatment with the combination of ELE and 5-FU treatment of BT549 and MDA-MB-231cells can significantly inhibit phosphorylated p-ERK and pc-raf protein expression and increased the p-p38 protein expression. To investigate whether the RAF-MEK-ERK signaling pathway is associated with ELE-mediated 5-FU inhibition of the growth of both cell lines, we performed MTT assays to test cell proliferation. First, both cell lines were treated with the RAF-MEK-ERK specific inhibitor U0126 for 8 h and with the combination of ELE and 5-FU for 48 h, as shown in [Figure 6C and D](#F0006){ref-type="fig"}. The MDA-MB-231 and BT549 cell treatment with U0126 alone can inhibit cell viability, but U0126 combined with ELE and 5-FU can significantly decrease cell viability. The experimental results above showed that the combination of ELE and 5-FU can inhibit the RAF-MEK-ERK pathway, thereby interfering with tumor cell proliferation.Figure 6The combined effects of ELE and 5-FU on MDA-MB-231 and BT549 cell lines.**Notes**: (**A** and **B**) Both cell lines were treated with ELE alone, 5-FU alone, or their combination. Following treatment, we used Western blot to check the expression levels of the major Raf-MEK-ERK signaling pathway proteins, including p-p38, p-38, p-c-Raf, and p-Erk1/2. We used GAPDH as a loading control. (**C** and **D**) MDA-MB-231 and BT549 cells were pretreated with the MEK inhibitor U0126 and cultured with the combination of ELE and 5-FU at an indicated dose. After 48 h, the cell viability was checked through MTT assay. The results from three different experiments were expressed as mean ± SD, and the significance level were \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001. (**E** and **F**) The protein quantitative analyses were performed. The data obtained from three independent experiments were presented as mean ± SD, and the significance levels were \**P*\<0.05 and \*\*\**P*\<0.001.

ELE and 5-FU Combination Suppressed NF-κB/COX2 Signaling Pathway {#S0003-S2007}
----------------------------------------------------------------

NF-κB is evolutionary conserved, and it controls immune and inflammatory responses. Previous reports showed that NF-κB controls the cellular network of aging, anticancer therapies, and cancer.[@CIT0031] We want to determine the combined effects of ELE and 5-FU on the NF-κB pathway. The cells were treated for 48 h with ELE alone, 5-FU alone, or their combination, and cytoplasmic and nuclear proteins were isolated to determine the expression levels of the key proteins that are involved in the NF-κB signaling pathway. Our results revealed that the combined treatment of ELE and 5-FU suppressed IKKα, IkBα, and p65 phosphorylation in the cytoplasm. However, the total IKKα, IκBα, and p65 expression levels were unaffected, as illustrated in [Figure 7A](#F0007){ref-type="fig"}. The combined treatment of ELE and 5-FU significantly inhibited the translocation of p50 and p65 into the nucleus compared with that of the alone treatment in both cell lines, as shown in [Figure 7A](#F0007){ref-type="fig"}. Next, we performed IF assay to determine the NF-κB localization in cells. The results suggested that cotreatment with ELE and 5-FU inhibited NF-κB p50/p65 translocation from the cytoplasm to the nucleus, as shown in [Figure 7B](#F0007){ref-type="fig"}. The expression level of COX-2 is not only associated with the different cancer types but also with the increase in metastasis; therefore, its inhibition can lead to cancer reduction.[@CIT0037] In the present study, we detected the effects of ELE and 5-FU on the COX-2 expression in TNBC cells. The results indicated that the combined treatment with ELE and 5-FU significantly inhibited the COX-2 expression level in both cell lines compared with that of treatment with ELE or 5-FU alone, as shown in [Figure 7A](#F0007){ref-type="fig"}. The results above indicated that ELE combined with 5-FU can interfere with the growth of tumor cells by interfering with the NF-κB/COX2 signaling pathway in TNBC.Figure 7The combined effects of ELE and 5-FU on NF-κB/COX-2 signaling pathway.**Notes:** (**A**) MDA-Mb-231 and BT459 cells were treated with ELE alone, 5-FU alone, or their combination. We used Western blot to check the p65 and p50 expression levels in the nucleus from the nuclear lysate, p-P65, p65, p-IKKα/β, p-IκBα, and IκBα in the cytoplasmic lysate while detecting the COX-2 expression level from the whole cell lysate. We used GAPDH as the loading control for whole cell and cytoplasmic proteins, while Lamb1 was used for nuclear proteins. The data obtained from three independent experiments were presented as mean ± SD, and the significance levels were \**P*\<0.05, \*\**P*\<0.01, and \*\*\**P*\<0.001. (**B**) The subcellular localization of p65 and p50 was detected through immunofluorescence assay of BT549 cells after treatment with ELE alone, 5-FU alone, or their combination.

ELE and 5-FU Combination Inhibited Tumor Growth in TNBC Mouse Model {#S0003-S2008}
-------------------------------------------------------------------

We obtained our in vitro results and investigated the potential therapeutic activity of ELE and 5-FU in the TNBC mouse xenograft model. We injected the MDA-MB-231 cells to left flank of nude mice. After 7 days, the visible tumors were developed with average tumor size 150 mm3. The mice were randomly divided into four different groups. Following ELE and 5-FU administration for 15 days, and the tumor volume and weight ([Figure 8A,B, and D](#F0008){ref-type="fig"}) were decreased by treatment with ELE or 5-FU alone. The combined treatment of ELE and 5-FU decreased tumor growth in the xenograft model compared with the treatment with ELE or 5-FU alone. The combined treatment did not cause any signs of toxicity or significantly altered the mouse body weight ([Figure 8D](#F0008){ref-type="fig"}). The xenograft tumor lysate on the Western blot analysis revealed that the combined treatment of ELE and 5-FU decreased the expression levels of key proteins that are involved in tumor growth, such as p-AKT and p-ERK, while increasing the E-cadherin and cl-parp expression levels ([Figure 8C](#F0008){ref-type="fig"}). Hematoxylin and eosin staining revealed that the control mouse tumor cells were large, irregularly shaped with additional cytoplasm, and had deformed nuclei ([Figure 8E](#F0008){ref-type="fig"}). However, the ELE- and 5-FU-cotreated mouse tumor cells were regularly shaped with small nuclei ([Figure 8E](#F0008){ref-type="fig"}). The IHC assay was used to determine the expression levels of p-ERK, p-P65, p-AKT, vimentin, and OCT4. The p-ERK, p-P65, p-AKT, vimentin, and OCT4 expression levels were decreased by the cotreatment of ELE and 5-FU compared with those treated with ELE or 5-FU alone and control group. The result supports our in vitro result that ELE enhancing the effect of 5-FU and enhances the inhibition of TNBC xenograft.Figure 8The combined effects of ELE and 5-FU on TNBC tumor xenograft mouse model.**Notes:** Female athymic nude mice (3--4 weeks old) were used in the present study. In the left flank of each mouse, MDA-MB-231 cells (5×106 in 100 μL of PBS) were subcutaneously injected. When the tumor sizes reached 150 mm3, the mice were divided randomly into four groups. The control, second, third, and fourth groups were treated with PBS, ELE (20 mg/kg), 5-FU (10 mg/kg), and combined ELE (20 mg/kg) and 5-FU (10 mg/kg), respectively. The mice were treated daily from 08:00 to 9:00 a.m. To maintain the biological activity of mice, they were provided with 12 h light/dark cycle (light, 8:00 am to 20:00 pm; dark, 20:00 pm to 08:00 am). The mice body weight and tumor volume (E) were measured once every 3 days. Tumor volume was calculated using the following formula: V=(width2×length)/2. At the end of experiment, the tumors from all mice were excised, and pictures were taken (**A**). The tumor weight and volume (**B**) were also calculated. The data obtained from three independent experiments were presented as mean ± SD, and the significance levels were \**P*\<0.05 and \*\**P*\<0.01. (**C**) The p-ERK, p-AKT, cl-parp, and E-cadherin expression level were checked via Western blot analysis. The data obtained from three independent experiments were presented as mean ± SD, and the significance levels were \*\*\**P*\<0.001. (**D**) The data of tumour volume were presented as mean ± SD, and the significance levels were \*\*\**P*\<0.001. (**E**) Immunohistochemical analysis was performed for p-ERK, p-AKT, p-P65, vimentin, and OCT4.

Discussion {#S0004}
==========

5-FU is a potential chemotherapeutic agent and often used for breast cancer treatment.[@CIT0038],[@CIT0039] 5-FU is the most commonly used agent for breast cancer treatment but resisted by cancer cells. Therefore, the rapid recovery of 5-FU is needed to overcome this resistance.

ELE has antitumor activity in different types of cancers, including breast, lung, and gastric cancers.[@CIT0040]--[@CIT0044] ELE exerts proapoptotic and antiproliferative activities in breast cancer through targeting multiple signaling pathways.[@CIT0043],[@CIT0044] A 5-FU and ELE have antitumor effects in different cancers but their combined effects have never been studied. In this study, we investigated the response of TNBC cells to the combined effects of ELE and 5-FU. Our results indicated that ELE and 5-FU in combination enhanced the inhibitory effects on TNBC cell growth, which was mediated through the simultaneous modulation of the mitochondrial-dependent pathway (Bcl-2 and Bax) and the activation of the apoptosis inhibition cascade, PI3K/AKT, RAF-MEK-ERK, and NF-κB/COX-dependent signaling pathways). To the best of our knowledge, this study is the first to determine the combined effects of ELE and 5-FU in TNBC cells. Our findings may serve as a guide for the use of combined natural antitumor compounds to increase the efficacy of available drugs in TNBC treatment.

In cancer cells, the mitochondrial dysfunction increases glycolysis, induces resistance, and decreases apoptosis;[@CIT0045] if it is reversed, then a patient can lead a normal life. Apoptosis is an important physiological process that play essential role in tissue homeostasis and development.[@CIT0046] The Bcl-2 family proteins are accompanied by caspase activation of caspases, which are the main features of mitochondrial-mediated apoptosis in cancer cells.[@CIT0047]--[@CIT0049] In the present study, ELE significantly increased the 5-FU-mediated Bcl-2 inhibition and Bax activation. These results revealed that the decrease in cell proliferation induced by the combined treatment with ELE and 5-FU was associated with the mitochondrial dependent pathway through the modulation of Bcl-2 family proteins. The released cyt-c can bind to ATP and then to pro-caspase-9 for apoptosome formation, which induces the cleavage of pro-caspase-9 to cleaved caspase-9 and activates effector caspase-3 Parp activation.[@CIT0046],[@CIT0050] In the present study, ELE increased the 5-FU mediated caspase-3 and parp activation. Therefore, our result showed that the inhibition of cells proliferation is induced through caspase dependent pathway.

The PI3K/AKT/mTOR signaling pathway increases cell survival and growth through different mechanisms.[@CIT0028] The PI3K/Akt pathway controls the COX-2 and AKT expression and may play an essential role in tumor growth.[@CIT0051] ELE modulates the PI3K/AKT/mTOR pathway via PI3K inhibition, which further inhibits Akt, mTOR, and p70S6K1, thereby leading to apoptosis.[@CIT0052] ELE also inhibits the iNOS and COX-2 expression.[@CIT0053],[@CIT0054] The targeting of PI3K/AKT and COX-2 signaling may provide promising therapeutic implications in cancer treatment. Our present study showed that the cotreatment with ELE and 5-FU inhibited PI3K/AKT signaling in TNBC cells.

The mitogen-activated protein kinase/extracellular signal-regulated kinase (MAPK/ERK) pathway, which is also called Ras/Raf/MEK/ERK pathway, possesses several cascades but are mostly deregulated (eg, Ras/Raf/MEK/ERK1/2) in human cancers.[@CIT0055] The MAPK/ERK pathway controls several cell functions, including cell growth, differentiation, apoptosis, proliferation, migration, senescence, and apoptosis.[@CIT0056] ELE alone[@CIT0057],[@CIT0058] and the combination of 5-FU and Lachnum exopolysaccharide inactivate the Ras/Raf/MEK/ERK pathway.[@CIT0059] The present results showed that the combined effects of ELE and 5-FU controlled the Raf-MEK-ERK signaling pathway in TNBC cells.

COX-2 is a causative agent of carcinogenesis and inflammatory diseases[@CIT0060]--[@CIT0063] and is resistant to apoptosis;[@CIT0064],[@CIT0065] its inhibition with nonsteroidal anti-inflammatory drugs effectively inhibits angiogenesis and proliferation and increases apoptosis in cancer cells. COX-2 overexpression is involved in many types of tumor development.[@CIT0066] ELE inhibits the NF-κB pathway by inhibiting NF-κB and NF-κB p65, thereby further inhibiting COX-2; hence, PGE2 is downregulated, and cell proliferation is inhibited.[@CIT0053],[@CIT0054] Our results demonstrated that ELE markedly increased the 5-FU-induced inhibition of COX-2 in TNBC cells. The results also indicated that the molecular mechanism of the NF-κB/COX-2 signaling pathway may be due to the combined effects of ELE and 5-FU. Our results indicated that the ELE increased the 5-FU-mediated inhibition of COX-2 by suppressing the IKKα/β and IκBα phosphorylation, which inhibited the NF-κB p65/p50 protein translocation from cytoplasm into nucleus and abrogated the binding of p65 to the promoter region of COX-2. Thus, COX-2 expression is suppressed. COX-2 has a critical role in different pathophysiological processes, including tumorigenesis and NF-κB deregulated activation to chemoresistance; thus, inhibiting COX-2 expression via the inactivation of the NF-κB signaling pathway mediated through the combined treatment of ELE and 5-FU is a considerable improvement in chemotherapy sensitivity. The inhibition of PI3K/AKT, RAF-MEK-ERK, and NF-κB/COX-2 signaling partially contributed to the ELE and 5-FU-mediated suppression of cell proliferation. Thus, ELE can enhance the therapeutic ability of 5-FU in TNBC cells through the PI3K/AKT, RAF-MEK-ERK, and NF-κB/COX-2 signaling pathways.

Our in vitro experiment also validated the combined effects of ELE and 5-FU in the TNBC mouse model. The combined treatment of ELE (20 mg/kg) and 5-FU (10 mg/kg) significantly inhibited tumor growth through PI3K/AKT, NF-κB, and apoptosis signaling pathway suppression. During the entire experiment, we did not observe any sign of in vivo toxicity, which may be due to the fact that low 5-FU or ELE dose decreased or eliminated the toxicity of 5-FU. Further studies are needed to investigate and improve the combined treatment of ELE and 5-FU.

Conclusions {#S0005}
===========

ELE enhanced the 5-FU effect through different molecular pathways in TNBC. In apoptosis pathway, ELE and 5-FU synergistically inhibited Bcl-2 and increased Bax due to which the cyt-c release from mitochondria into cytoplasm where they increase the expression of cl-caspase-3 and cl-parp due to which cell apoptosis happen.In the NF-kB/COX-2 pathway, ELE and 5-FU synergistically downregulated IKKβ, IKKα, and p65 expression levels in the cytoplasm, thereby decreasing p50 and p65 translocation, downregulating COX-2 expression, and inhibiting the cells. The activity of PI3K/AKT pathway was also inhibited by ELE and 5-FU in combination through inhibition of p-AKT, P-85, p110r, p-PDK1, and p110a proteins, thereby causing triple-negative cancer inhibition. ELE and 5-FUin combination modulated the Raf-MEK-Erk pathway through p-38 upregulation and c-raf and ERK downregulation. Hence, sphere formation is inhibited through inhibition of CD44, OCT4, and Nanog; cell invasion is also inhibited through E-cadherin upregulation and N-cadherin downregulation. ELE and 5-FU in combination inhibited cells migration through MMP-9 and vimentin downregulation, as shown in [Figure 9](#F0009){ref-type="fig"}. The modulation of all these pathways showed that, the ELE and 5-FU in combination inhibit the TNBC. Our results also suggested that the combination of ELE and 5-FU may be a potential therapy for TNBC. Further research is required to confirm the combined efficacy of ELE and 5-FU through different mechanisms.Figure 9ELE enhanced 5-FU effect through different molecular pathways.**Notes:** In apoptosis pathway, ELE and 5-FU synergistically inhibited Bcl-2, increased Bax due to which the cyt-c was released from the mitochondria to cytoplasm where they increased the cl-caspase-3 and cl-parp expression levels due to which cell the apoptosis happened. NF-kB/COX-2 pathway ELE and 5-FU synergistically downregulated the expression IKKβ, IKKα and p65 in cytoplasm due to which the translocation of p50 and p65 decreased and led to COX-2 expression downregulation and cell inhibition. The activity of PI3K/AKT pathway were also inhibited by ELE and 5-FU in combination through the inhibition of p-AKT, P-85, p110r, p-PDK1, and p110a proteins, thereby causing triple-negative cancer inhibition. ELE and 5-FU in combination modulated the MAPK pathway through p-38 upregulation and c-raf and ERK downregulation, thereby inhibiting sphere formation through CD44, OCT4, and Nanog. Cell invasion was promoted through E-cadherin upregulation and N-cadherin downregulation. ELE and 5-FU also in combination inhibit cell migration through MMP-9 and vimentin downregulation. The modulation of all of these pathways showed that ELE and 5-FU in combination inhibit triple-negative TNBC.
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